The performance of the Large Hadron Collider (LHC) at collision energy is limited by the field quality of the interaction region (IR) quadrupoles and dipoles. In this paper we study the impact of the expected field errors of these magnets on the dynamic aperture (DA). Since the betatron phase advance is well defined for magnets that are located in regions of large beta functions, local corrections can be very effective and robust. We compare possible compensation schemes and propose a corrector layout to meet the required DA performance.
INTRODUCTION
The LHC interaction region consists of a low-p' quadrupole triplet (QI-Q3) and a separation dipole (DI) on either side of the interaction point (IP), Fig. I . The superconducting triplet quadrupoles are built by FNAL and KEK, and assembled in cryostats at FNAL. The separation dipoles in the high luminosity interactions points IPI (AT-LAS) and IP5 (CMS) are room-temperature magnets supplied by IPN-Novosibirsk. In IF2 (ALICE) and IP8 (LHC-B), where the beams are also injected into the two rings, the D1 is a superconducting magnet built by BNL. This magnet has the same coil design as the RHIC arc dipoles, and its field quality is well established. The field quality of the warm D1 is expected to be satisfactory. The target DA for magnet field quality is set at 12 times the transverse rms beam size ( 1 2~~~) for both injection and collision. During injection and ramping, the impact of IR magnet is small compared with that of the arc magnets. On the other hand, during p-p collision (Tab. 1) the reduc- With the experience of model construction and measurements, and design iterations that occurred through close interaction between the magnet and accelerator physics groups, knowledge and confidence in the expected body and end-field errors has substantially improved. The KEK quadrupole errors are shown in Tab. 3; the coil crosssection of this quadrupole has been recently redesigned in order to substantially reduce the geometric blo error. In Section 2, we evaluate the DA under nominal collision conditions and explore the optimum quadrupole arrangement to minimize the error impact. In Sections 3 and 4, we review the local IR correction principle and propose a corrector layout. 
DA TRACKING ANALYSIS
The leading errors of the IR quadrupoles are the systematic b6 and blo, which are allowed by the quadrupole symmetry.
We assess the effect of magnetic errors by the tune spread of particles with amplitudes of up to 6 times the transverse rms beam size (6usy), and by the DA determined by 6D
TEAPOT [3] tracking after either lo3 or lo5 turns, averaged over IO random sets of magnetic errors at 5 emittance ratios tz/ty. Tracked particles have 2.5 times therms mo- It may also reduce the number of needed spare magnets and simplifies the engineering process. However, combining quadrupoles of different transfer functions implies a more complicated powering scheme. While a common bus is still possible, retaining the natural compensation of ripple in a triplet, dynamic behaviour at injection related to snap back and eddy-current effects need to be verified [6] . In order to estimate the 66 impact, we assume that FNAL magnets are placed at IP1 and 5 and gradually decrease the total bs to 30% of its original value assuming a positive d(b.5). Tab. 4 shows a steady increase of the DA from
The orientation of the quadrupoles was chosen to minimize the lead end b6 impact [2] . With the mixed quadrupole 9.3us,, to 12.1uzy. scheme, the minimization is less effective however. In order to reduce the number of electric buses through Q3, it was further suggested to reverse the orientation of 4 3 . This leads to a reduction of the average DA of 0.4 sigma, and to an increase of be corrector strength. As the random 66 is large, this effect could be alleviated by sorting. [4, 5] 
IR COMPENSATION SCHEMES

Two-Element Correction Principle
The error compensation is based on the minimization of action-angle kicks The compensation is equally effective for both intersecting beams, since the optics of the interaction region is antisymmetric. However, it does not take into account the closed-orbit deviation due to the crossing angle, and the fact that the crossing planes are respectively vertical and horizontal in the two high luminosity interaction points. On the other hand, the effect of this closed orbit feeddown is partially compensated by the feeddown from the correctors.
Correction Scheme Comparison
There are three corrector packages (MCX1. MCX2, MCX3) in each triplet, Fig. I . Each MCXl and MCX3 contains two dipole layers, and each MCX2 contains A further improvement can he achieved using a blo corrector, as shown in Tab. 5 and Fig. 2 . We also investigated the effect of misalignment of the corrector layers. With an rms misalignment of 0.5 mm in the horizontal and vertical planes we find no degradation of the DA. The required strength of the multipolecorrectors. Tab. 6, can he provided by 50 cm long spool pieces wound using the LHC sextupole corrector wire and operating at less than 50% margin at 600 A [7] . At IPZ, the IR correctors are also designed to reduce the effect of the D1 errors during lowp' heavy ion operations [I] .
3.3
Finally we re-confirmed [2] the difference between the DA determined after lo3 and lo5 turns for two selected cases, an uncorrected machine and a corrected machine. The difference (Tab. 7) is 0 . 7~~~ or 7% for the uncorrected case, and 0 . 9~~~ or 5% for the corrected case. 
SUMMARY
Local nonlinear IR correctors, up to multipole order 6, are proposed for compensating the IR quadrupole errors. These correctors can improve the DA by 2 -3~~~. Mixing magnets of different origin can help reach the target DA as its improvement is about 1 . 5~~~. This would he equivalent to a reduction of the systematic blo and uncertainty of be errors of about 50%. Further benefit of mixing could be expected through randomizing the uncertainties and broader selection of the magnets.
